The identification of broad classes of DNA probes which detect hypervariable genetic markers in different taxa is invaluable for parentage analysis in wild vertebrates. Restriction-fragment-length polymorphisms, detected by hybridization of a mouse class II major histocompatibility complex (MHC) cDNA probe to genomic DNA from red-winged blackbirds (Ageluius phoeniceus), are shown to have the genetic characteristics of a single hypervariable locus with many codominant alleles. Surveys of DNA from unrelated individuals that was cut with a single restriction enzyme (EcoRI) revealed a large number (37) of resolvable alleles with a low mean frequency (P = 0.02 I ). When RFLP data from multiple enzymes are combined with segregation data, individual-specific haplotypes can be generated. These characteristics make this probe ideal for parentage analysis in this and other blackbird species. The many MHC probes available from mice and humans may provide a valuable source of hypervariable single-locus genetic markers, precluding the necessity of isolating species-specific probes from genomic libraries.
Introduction
Parentage analysis in wild bird populations has recently been revolutionized by the use of DNA probes which detect highly polymorphic genetic markers in a wide variety of species (Burke and Bruford 1987; Quinn et al. 1987; Wetton et al. 1987; Burke et al. 1989; Gyllensten et al. 1989 Gyllensten et al. , 1990 . At present the most commonly used probes are made up of core sequences from tandem repetitive regions which are dispersed throughout the nuclear genome (Jeffreys et al. 1985) . These probes detect hypervariable, often individual-specific restriction-fragment polymorphisms (DNA "fingerprints") in which individual bands are assumed to represent alleles from individual loci which assort jndependently during segregation. A valuable property of these core sequences is that a single sequence will cross-hybridize with many different taxa. A major limitation in the use of these probes is interpreting the complex genetic information they reveal. There are problems in ( 1) unambiguously scoring the genetic profiles of individuals, (2) determining the patterns of segregation and linkage between individual bands, and (3) storage and comparison of the individuals' genetic profiles in data bases.
Many of these difficulties can be overcome by using single-locus genetic markers which are also highly polymorphic. For example, in humans, Nakamura et al. ( 1987) and Wong et al. ( 1987) have isolated probes which detect a large number of codominant alleles at a single locus. As in DNA fingerprints, variability at such loci appears to be generated through variation in the number of tandem repeats ( VNTRs) present at a single position in the genome (Nakamura et al. 1987; Wong et al. 1987 ) . Such probes are now the method of choice for forensic work in humans (e.g., see Lander 1989) , but markers of this type have rarely been used in parentage analyses in populations of wild vertebrates (but see Gyllensten et al. 1990) . A potentially major drawback to their application is that VNTR probes may be highly species specific (Burke 1989) . More useful would be a class of hypervariable single-locus probes which detected single-locus markers in many different taxa.
The genes which make up the major histocompatibility complex (MHC) in vertebrates are exceptional for their high level of genetic variability (Klein 1986 ) . Many individual loci from humans and mice have been cloned and shown to cross-hybridize to those from other vertebrates (e.g., whales [ Trowsdale et al. 1989 1, rodents [Palmer et al. 19831 , chickens [ Andersson et al. 1987; Guillemot et al. 19881) ) suggesting that the sequence similarity-and hence possibly high levels of variability-may be conserved between taxa. In the present paper we demonstrate that a mouse MHC class II cDNA clone detects a highly variable set of restriction-fragment-length polymorphisms ( RFLPs) in the genomic DNA of red-winged blackbirds (Agelaius phoeniceus). Although the molecular basis of this variation is unknown, these RFLPs have the characteristics of a single locus with many alleles. For parentage analyses in birds, these features make this probe an ideal alternative to minisatellite probes.
Methods

Samples from Individuals
To investigate the genetic characteristics of RFLPs detected by the mouse MHC probe, blood samples were collected from individually color-banded adult and nestling red-winged blackbirds from a population located near the Queen's University Biological Station, Chaffey's Lock, Ontario, in 1986. Adults were lured into mist nets, and then samples (50-200 ~1) of whole blood were collected from the jugular vein, added to Vacutainers, and stored at -20°C until DNA extraction. Blood samples were also collected from 6-d-old chicks taken from nests tended by individually marked adults. Assignments of particular adult males and females as the putative parents of families of chicks were based on the behavioral association of the adults with a particular nest.
In the present paper we analyze samples collected from 92 nestlings from 29 families and from 77 putatively unrelated adults.
DNA Extractions
Genomic DNA was extracted from all blood samples by using an Applied Biosystems, Incorporated, Nucleic Acid Extractor Model 340A. First, 50 pl of blood was suspended in Applied Biosystems lysis buffer to a volume of 3.5 ml. Next, the sample was digested with proteinase K (62.5 units in 0.5 ml of 20 mM Tris-HCl, pH 8.0) at 37'C for at least 3 h, followed by two extractions with equal volumes of phenolchloroform (70: 30 ratio) and by one extraction with chloroform. The DNA was then precipitated with 95% ethanol, was recovered on Teflon filters, was rinsed with 70% ethanol, and was redissolved in 0.3-l ml of TNEz buffer ( 10 mM Tris, 10 mM NaCI, 2 mM sodium-ethylenediaminetetraacetic acid). Digestion, Electrophoresis, and Southern Blotting DNA (5 ug) was digested with several restriction enzymes, mainly EcoRI and HinfI, by following the manufacturer's (Bethesda Research Labs) specifications. Samples were loaded into a 20-cm long, 0.8% agarose TBE ( 1 X TBE = 0.089 M Trisborate, 2 mM ethylenediaminetetraacetic acid) gel and run at 1.2 V/cm for 18-24 h. The gel was then stained with ethidium bromide, and the DNA was visualized under shortwave UV light. DNA in the gel was then depurinated by treatment with 0.25 N HCl for 15 min, was denatured by soaking in a 1.5 M NaCl, 0.4 N NaOH solution for 45 min, and was neutralized in a solution of 0.5 M Tris-HCl, 1.5 M NaCl, pH 7.5 for 45 min. The DNA fragments were then transferred to a charge-modified membrane (Immobilon-N; Millipore Corporation) in 10 X SSC ( 1 X SSC = 0.15 M NaCl, 0.015 M sodium citrate). After transfer, the blots were rinsed in 6 X SSC and baked for 1 h at 80°C.
Probing
The mouse probe used was the cDNA class II clone pAAC6, which contains the sequence which codes for the Ak-alpha chain of the I region of the mouse class II MHC (Benoist et al. 1983 ). First, blots were prehybridized at 65°C in 1 M NaCl, 1% sodium dodecyl sulfate (SDS), 10% dextran sulfate, 200 ug of sheared salmon sperm DNA/ml for lo-16 h. Next, 25-50 ng of purified probe insert was labeled to high ( > lo9 cpm/ ug) specific activity by using random primer extension (Feinberg and Vogelstein 1983) . The probe and fresh hybridization solution were then added, and the blot was allowed to hybridize at 65°C for 12-16 h. After hybridization, blots were washed once at room temperature in 2 X SSC, 0.5% SDS for 15 min; then once at 65°C for 30 min in 2 X SSC, 0.5% SDS; and then once at 65°C in 1 X SSC, 0.5% SDS for 20 min. Filters were then exposed, at -70°C for 3-8 d, to X-ray film with one intensifying screen.
Size Measurements of Bands
The accurate assessment of the number of different alleles detected by hypervariable probes requires a method of estimating the size of restriction fragments which accounts for between-lane variation in migration patterns of samples on the same gel (Lander 1989) . To provide internal size markers within each lane of genomic DNA, we followed the method outlined by Galbraith et al. (accepted) and added 4 ng of BstEII-cut and 2 ng HindIII/EcuRI-cut lambda DNA to each genomic sample run on a gel. This provided a total of 18 resolvable bands of known size (in kb) for estimating MHC-detected band sizes. The MHC and lambda data were combined by reprobing, with radioactively labeled lambda, blots which had been stripped of the mouse probe and by then matching the MHC and lambda autoradiographs by using marks on the X-ray film that were created by phosphorescent dots of Glo-juice (International Biotechnologies, Incorporated) painted directly on the membrane. For each lane, the positions of lambda and MHC-detected fragments were then transferred to a single acetate overlay which was used for MHC band size determinations. MHCdetected band sizes were estimated by using a Grafbar sonic digitizer and a subroutine in the Cyborg package (International Biotechnologies) which uses a linear regression to estimate the relationship between the distance from the top of the blot and the size (in kb) based on the lambda fragments of known size. The size of each MHC-detected allele was estimated as the mean value of three replicate measurements of both lambda sizes and MHC-detected band sizes.
To estimate the measurement error of the MHC-detected fragments, we used the results of a study by Galbraith et al. (accepted) . This work showed a positive relationship between the standard deviation (SD) of repeated measures of a given MHCdetected fragment and its size in base pairs. For ease of computation, we used a single SD value (32 bp), calculated for the mean size of EcoRI fragments detected in our study ( 3,269 bp) , as an estimate of measurement error for all band sizes. To scale for differences in fragment size, the SD value was expressed as a percentage (0.99% ) of the mean fragment size. Galbraith et al. (accepted) also showed, on the basis of statistical arguments, that two fragments should be 22.8 SD apart before they can be considered as different in size at the alpha = 0.05 confidence level. We adopted this criterion in our study, for assessing whether two fragments were statistically distinguishable from one another and for constructing bins for allele frequency determinations (see below ) .
Allele Frequency Determinations
Estimation of allele frequencies for hypervariable DNA loci is complicated by the fact that the alleles detected by such probes form a continuous spectrum of fragment lengths (see below, fig. 2 ). Thus some alleles likely differ by size increments that cannot easily be resolved. Therefore, for allele frequency estimations at the population level, alleles must be operationally defined as fragments of a particular size range, with that range empirically determined by our error-estimation procedure (see Baird et al. 1986; Balazs et al. 1989) . To incorporate measurement error into our estimate of "allele" frequencies among the distribution of fragment lengths, we adopted a "fixedbin" approach (Budowle and Monson 1989; Waye et al. 1989) , in which fragment lengths were arbitrarily grouped into a number of "size bins" which, in total, spanned the entire range of fragment sizes detected by the pAAC6 probe. Alleles were then operationally defined according to their bin designation, and the frequency of occurrence of a particular allele was calculated as the number of the population's fragments falling within a particular bin. Bin sizes were based on the accuracy with which identical fragments could be sized on different gels (see above) and were defined as an interval which was f2.8 SD of the midpoint of that interval. Operationally the upper bound of a given bin equaled LB -1 while the lower bound was LB -(5.6 X SD X LB), where LB is the size of the lower boundary of the next largest contiguous bin and where SD is equal to our estimate of the size measurement error described above.
Results
On the basis of the simplicity of the pattern detected in an initial screening using six enzymes (AU, EcoRI, HinfI, MspI, PstI, and TagI), we investigated the genetics of bands detected by two enzymes--cuRI and HinfI-in more detail. Our goal was to evaluate, through estimates of allele frequencies and patterns of segregation, these markers' suitability for parentage analysis and to determine whether bands produced by different enzymes could be combined to define genotypic haplotypes for particular individuals (see Quinn et al. 1989 ).
Alleles Detected with EcoRI
When used as a probe on DNA digested with EcoRI, the pAAC6 probe almost invariably detected two bands (0.8-9.2 kb) per individual ( figs. 1 and 2 ). Of the 77 cut DNA segregate in a simple Medelian fashion. Therefore, for the purpose of defining genetic markers useful for parentage analyses, the genetic characteristics of RFLPs detected by this probe are that of a single "locus" with many codominant "alleles" and therefore resemble those of single-locus hypervariable VNTR markers in humans (see Nakamura et al. 1987; Wong et al. 1987 ). This characterization does not, however, imply anything about the mechanism responsible for the observed variation. On the basis of the population samples, this locus has a minimum heterozygosity of 97% (75 of 77 individuals) in this species.
Allele Frequencies of EcoRI Fragments
Using the bin method for arbitrary allele determination (for actual bin boundaries used, see table 1) we detected 37 different alleles among the 154 fragments sampled from 77 unrelated adult blackbirds. The distribution of allele frequencies had peaks at 0.65%, 2.0%, and 3.9% (fig. 4) . The overall mean allele frequency was 2.1%.
Alleles Detected from HinfI Fragments
To compare the RFLPs revealed by another enzyme, we probed HinfI -digested DNA from 26 unrelated adult blackbirds which had already been surveyed with EcoRI. The size range ( 11.2-1.2 kb) of detected fragments was similar, and, on the basis of segregation data, all individuals were heterozygous, with 22 (88%) of 26 exhibiting two-band genotypes and the remaining four ( 12%) showing three-band genotypes which were composed of single-and double-band alleles.
We next used the size bins generated for the EcoRI fragments to provide an arbitrary estimate of allele frequencies for the HinfI fragment data. On the basis of those size bins, we identified 29 different alleles among the 36 animals surveyed. Thus the proportion of different alleles among all fragments is greater for the Hi&I fragments (40%) than for the EcoRI fragments (24%).
Finally, we wished to see whether distinct genetic haplotypes for individuals could 4.-Distribution of frequencies of MHC-detected alleles from EcoRI-cut DNA from unrelated individuals. The height of each bar represents the proportion of the 37 alleles, (defined by using the bin designations in table I ) which had the frequency specified on the X-axis. Allele frequencies along this axis increase in increments of 0.65%.
Parentage Analyses
The low frequency of the EcoRI alleles detected by the mouse probe suggests that the probability of excluding male blackbirds who were not the genetic fathers of particular chicks would be high. Indeed, when Chakravarti and Li's ( 1983) formula for calculating the probability of exclusion (P[E]) for a single locus with multiple codominant alleles is used, P(E) = 0.92 (for all adults; N = 77), which is comparable with values obtained for single-locus VNTR probes in humans (e.g., see Balazs et al. 1989) . Values for P(E) are slightly higher when haplotype data are used, but the increase does not parallel the striking increase in the number of unique alleles detected. The P(E) value for the subset of adults (N = 24) for which haplotype information is available was 0.9 1 for EcoRI fragments alone; it increased only to 0.95 when haplotypedefined alleles were used in,the calculation. This lack of change arises because the P(E) value is strongly dependent on the frequency of the most common allele in the population. These values were 8.3% for the EcoRI alleles and 4.2% for the haplotypes. Figure 5 shows an example of how MHC-detected fragments can be used to identify offspring which have genotypes which do not match those of their putative parents and hence have resulted either from an extrapair fertilization of a female by a nonresident male or through "egg dumping" by a nonresident female (see Quinn et al. 1987) . Both MHC and DNA fingerprint blots are shown for a red-winged blackbird family consisting of a single male and three females and their respective offspring, all from nests found on that male's territory. All seven chicks have MHC-detected alleles also present in their respective mothers, but four of the offspring have paternal alleles which do not match those of their putative father. The DNA fingerprint of the same family confirms this result: all the offspring identified, on the basis of the singlelocus data, as paternal mismatches have bands either present in their putative mother or not present in either parent. We conclude that the four offspring are the result of extrapair fertilizations of each female by one or more nonresident males.
Our original goal was to identify highly variable single-locus genetic markers that could be used for parentage analyses in red-winged blackbirds (Gibbs et al. 1990 ). At present, minisatellite probes which recognize multiple loci are the genetic markers most commonly used for parentage analysis in birds (Burke and Bruford 1987; Wetton et al. 1987; Burke et al. 1989; Weng et al. 1990 ). However, for such analyses, hypervariable single-locus probes such as pAAC6 offer a number of important advantages over multilocus probes largely because of the simplicity of the banding pattern produced. First, genetic profiles of individuals usually consist of just two fragments, as opposed to the 1 O-30 or more fragments generated by fingerprint probes. This simplifies the logistics of comparing the individuals' genetic profiles on the same or different blots, especially when size error estimates are used to define objective criteria for band matching (see Lander 1989 ) . Second, in terms of linkage and segregation, the genetics of individual alleles can more easily be determined, thereby removing ambiguity as to allele identity. This is much more difficult for individual bands detected on DNA fingerprints, where the alleged individual specificity of banding patterns is based on the assumption that most of the detected bands are in linkage equilibrium with each other. Testing this assumption requires large families, which are often difficult to obtain from wild populations (Burke 1989) . Finally, because individual alleles are more clearly defined in single-locus systems, application of conventional population genetic methods for estimates both of relatedness of individuals and of within and between-population variation is more tractable than multilocus fingerprinting (Lynch 1988) .
These logistical advantages of single-locus probes are offset by their reduced variability as compared with multilocus probes. For example, the probability of two individual blackbirds sharing the same EcoRI MHC-detected genotype is, on average, 0.005, whereas the probability of two individuals having the same fingerprint profile is several orders of magnitude lower (I lo-"; H. L. Gibbs, unpublished data), given that all the genetic assumptions are met. However, the variability in the MHCdetected locus is entirely sufficient for most studies of parentage in wild animal populations. In addition, since individuals' MHC-detected haplotypes can be constructed on the basis of the RFLPs revealed by different enzymes, it will often be possible to identify individual-specific haplotypes for the limited number of individuals that would be putative parents in wild populations of birds, thereby making definitive assignment of parentage possible. Alternatively, information derived from both single-and multilocus probes could be combined in a hierarchical fashion which exploited the relative advantages that each genetic system has for parentage analysis. Single-locus probes could be used initially to screen families in order to both identify stray maternal and paternal alleles among offspring and to define sets of possible fathers and mothers, sets which invariably will be small. DNA fingerprints can then be used for within-blot comparisons of candidate parents for parental assignments. This is in fact the approach we have used in our detailed analysis of parentage in red-winged blackbirds (Gibbs et al. 1990 ).
To determine how useful the pAAC6 probe would be for parentage analysis in birds in general, we have surveyed species both within and outside the nine-primaried oscines, to see whether this MHC probe also detects hypervariable loci in other birds. Our preliminary results suggest that the probe detects hypervariable loci in other species within the subfamily Icterinae (blackbirds and their allies; N = 7 species tested), whereas it hybridizes poorly to DNA from more primitive and more derived species outside this taxonomic group (N = 11 species tested). This result is surprising because it suggests that, if the detected locus is MHC related, then homology to this particular probe is a derived condition within the blackbirds. We have no explanation for this pattern. It may be specific to this particular locus, because several other class II loci from humans have been shown to detect variable sequences in chickens (Andersson et al. 1987) . Alternatively, this result may be because the probe hybridizes to a VNTR sequence which is only present in blackbirds.
